The fluorescent Ca 2+ sensitive dyes Fura Red (ratiometric) and are widely utilized for the optical assessment of Ca 2+ fluctuations in vitro as well as in situ.
Introduction
Biochemical reactions in living cells and organisms are strongly influenced by changes in environmental variables such as pH, ionic strength, temperature and pressure. In particular, protein molecules that mediate processes such as cell metabolism and ion homeostasis are sensitive to environmental changes [1] . Although the impact of temperature and pH on chemical equilibria, activation energies and reaction volumes is well-known for many enzymatic biochemical reactions, the effect of pressure as an environmental variable of biochemical equilibria, has only been elucidated in selected enzymatic or cellular systems [2] [3] [4] . This is surprising, as environments at high hydrostatic pressures comprise more than 70% of our biosphere. Moreover, high pressure conditions are of great interest for applications in high pressure biosciences and -biotechnology [5, 6] .
Several cellular signaling molecules need to be tightly regulated within narrow concentration ranges in living cells. This is of utmost importance, for instance, for Ca 2+ ions that act as a pleiotropic second messenger to regulate gene transcription, enzymatic reactions, energy metabolism and motor protein interactions among many other processes [7] . To maintain intracellular Ca 2+ levels in a healthy range, cells contain a huge variety of Ca
2+
-binding proteins, storage organelles and ion channels and pumps. In particular, Ca 2+ -binding proteins is governed by the law of mass action. Thus, its affinity for association/dissociation to/from the proteins is described by the association/dissociation constant K a,d in the steady-state. This binding/unbinding equilibrium is strongly influenced by environmental parameters, such as pressure.
Most of our knowledge on cellular Ca
-homeostasis stems from live-cell fluorescence imaging. In this technique, Ca 2+ -sensitive fluorochromes are introduced into the cell's interior, either by trans-membrane diffusion of a permeant acetoxy-methyl ester form (AM) of the dye or by direct micro-injection of the ionized fluorochrome. The dye is excited by a short-wavelength excitation light source, and the emitted fluorescence light is collected by an optical system. For many Ca 2+ -sensitive dyes, tabulated data of their K a,d values and time constants for their binding and unbinding reactions are available [8] . However, the dependence of these parameters on environmental conditions is usually only given for temperature changes, if at all. Thus, whenever fluorescence imaging experiments in living cells or tissues are attempted under high hydrostatic pressure conditions, we are still facing the unknown pressure-dependence of multiple Ca
-binding buffers present within cells, or of Ca 2+ -chelators such as EGTA, that are often used in artificial solutions, in addition to the fluorescent dye. Such chelators are often used to putatively 'clamp'the free Ca 2+ -levels to a fixed value in order to assess the pressure-dependence of the dye 'per se' . When such measurements are attempted, the differential effects of pressure on buffers in a recording system are often ignored. However, the correct interpretation of Ca 2+ -dye fluorescence requires detailed knowledge of the effects of pressure on each constituent in a solution within a cell. This includes effects on pH that in turn also affect the Ca 2+ -buffering properties. Some limited information is available for a ratiometric UV-excited Ca 2+ -dye, fura-2, at pressures up to 40 MPa [9] . In that study, the effects of pressure on the Ca 2+ chelator EGTA in the solution were also considered in order to provide a defined free Ca 2+ concentration for fluorescence interpretation. However, since fura-2 is a dye that requires switching of the excitation wavelength, recording speeds are limited by wavelength switch times. Fluo-4 is a fast, highaffinity Ca
-dye that has been widely used in live cell imaging to determine fast changes in Ca 2+ -homeostasis. Since Fluo-4 is a non-ratiometric dye however, its fluorescence intensity strongly depends on the absolute dye concentration in addition to environmental parameters. One way to overcome some of these constraints of Fluo-4, is to use ratiometric dyes with a similar sensitivity range for Ca 2+ binding (e.g. Fura Red [10] ) and compare different emission wavelengths at one excitation wavelength. The advantages and disadvantages of using ratiometric dyes are elaborated by Bruton et al. [11] . Thus, the correct use of Ca 
Materials and Methods

Experimental setup
The dye sample was sealed into a high pressure chamber containing an optical window as described by Vass et al. [12] . To excite the dye, a continuous Argon laser tuned to a wavelength of 458 nm was used. The laser beam was directed through the pressure chamber by deflecting it from a laser mirror. The fluorescence light, emitted in the backwards direction, was collected by the lens and focused on the slit of a three stage spectrometer. The detector used in the spectrometer was a R943-02 photo-multiplier tube from Hamamatsu. After passing through the high pressure chamber, the excess laser light was extinguished in a beam trap. The experimental setup is illustrated in Fig 1 . Spectroscopic measurements were taken with a spectral resolution of 10 cm -1 in wave numbers, which is equivalent to about 0.2 nm in wavelength, starting from 487 nm and ending at 550 nm for Fluo-4 or 700 nm for Fura Red. Diamond, which is used in the windows of the pressure chamber, emits a Raman signal at a spectral distance of −1330 cm -1 from the laser wavelength. As this Raman signal occurs within the recording range at about 488 nm, it is used as a reference marker to ensure the correctness of the spectral data. As shown in the example recording in Fig 2, measurements were taken at pressures of 0.1 MPa, 50 MPa, 100 MPa and 200 MPa. The 0.1 MPa recordings were performed prior to compression and after decompression to ensure that no leakage had occurred during pressurisation, and that no bleaching of the dye had been induced by the continuous laser radiation. The chamber was kept at the room temperature of 26 ± 1°C for all measurements.
Experimental dye solutions
The fluorescent dyes Fluo-4-AM and Fura Red-AM were dissolved in EGTA-buffered physiological solutions containing fixed concentrations of free calcium ions that are commonly used with mammalian muscle cells (i.e. in the sub-μM to the μM range). The final calcium concentration is varied by mixing two physiological stock solutions with high (hCS; *11 μM) and low (lCS) calcium content at different ratios. The composition of these solutions is given in Table 1 . The pH of each solution is adjusted to 7.0 at 23°C by titration with 1 M KOH. The mixing ratios and resulting total calcium concentrations ½Ca 2þ total are given in Table 2 . The dye concentration in solution is 12 μM for both dyes. The dyes used in this study are AM-ester compounds and thus, have to be activated (de-esterified) prior to our experiments. This is accomplished by adding 10.5 U of pig liver esterase per 500 μl of sample solution. To ensure complete activation of the dyes, the sample solutions are then incubated at room temperature for at least 48 h.
Determination of relative fluorescence intensities and dissociation constants
Emission spectra were measured and fitted with the Gaussian Function (1) . Only data points that exceed a value of 60% of the maximum intensity recorded in the measurement are considered in the fit. This was done to assure that the asymmetry of the emission peak at lower intensities does not influence the fitting and thereby, change the wavelength parameter of the fitted Gaussian peak. Fitting the curve allows us to extract values for the peak intensity I peak and peak wavelength λ peak . The parameter for the peak width ω is not considered in further calculations. (1) is deflected by a mirror (2), guided through the high pressure chamber (3) and extinguished in the subsequent beam trap (4). The fluorescent light (5) that is emitted backwards in the direction of the incident laser beam is collected by a condenser lens (6) and focused onto the slit of a three stage spectrometer (7). doi:10.1371/journal.pone.0164509.g001
The relative fluorescence intensity I p rel describes the relative change in percent of the peak intensity I p peak at pressure p compared to the peak intensity at atmospheric pressure I 0:1MPa peak . It is determined according to Eq (2): 
The change in relative fluorescence intensity with pressure ϕ is defined according to Eq (5) where DI p rel is the change in intensity that is caused by the change in pressure Δp. The overall average change in relative fluorescent intensity " 0 is determined independently of the total calcium concentration by fitting a linear function to a plot of all I p rel data points as a function of p. In this plot, the slope of the fitted function equals " 0. The calcium dependent average change in relative fluorescent intensity " 0 Ca 2þ is determined as the slope of a linear function fitted to each set of I p rel data points which share the same total calcium concentration, plotted as a function of p. To derive this relation, we start from the definition of the Gibbs free energy in Eq (7).
Under isothermal conditions, dT is zero and the definition of the Gibbs free energy can be simplified as shown in Eq (8).
dG dp
For a system in equilibrium, the standard change in molar Gibbs free energy for a reaction D r G m is defined according to Eq (9), where T is the absolute temperature in K and R is the gas constant.
Combining Eqs (8) and (9) results in Eq (10) relating the dissociation constant to the molar volume change at dissociation Δ d v.
ÞÞ dp
Under isothermal equilibrium conditions and discretising the change in pressure, Eq (10) reduces to Eq (11) [14] . The equation is, in principle, similar to the isobaric Arrhenius-equation but describes the pressure-induced change in reaction equilibrium under isothermal conditions. The variable θ is introduced as the ratio of the change in the logarithm of the dissociation constant D ln ðK p d Þ and the change in pressure Δp.
The molar volume change at dissociation, averaged over multiple measurement sets D d " v, is determined using Eq (12), where " y is the average of θ and its value is determined from the slope of a linear fit to the measured values of ln ðK p d Þ, plotted as a function of p.
Estimation of free Ca 2+ ion concentration at pressure
The binding reaction of a buffer to a ligand is influenced by environmental conditions such as temperature, pH and pressure. As the pH of any solution typically changes with pressure, hydrostatic pressure affects the free calcium ion concentration ½Ca 2þ free both directly [15] and through a change in pH [9] .
The pH buffer HEPES which is used in our solutions has a molar protonic ionization volume of Δ i v = 4.8 ml mol -1 [16] . Here, we assume that the change in pH with pressure equals approximately the change in pKa of the buffer [17] . Under this assumption, the change in pH can be estimated to about 0.847 GPa -1 by combining the general case of Eq (11) with Eq (13) to obtain Eq (14) . The estimated change of pH with pressure, for a HEPES solution at pH 7 at 0.1 MPa is shown in Fig 3(top) . dpH dp ≂ dpK a dp ¼ dlnK a dp Á 1 À ln 10 ð13Þ dpH dp 
2+
-binding to EGTA. Pressure-dependence of pH due to pressure effects on HEPES according to Eq (14) [17] using the Δ i v determined by Kitamura et al. [16] . The development of the equilibrium constant of EGTA binding to Ca 2+ is estimated by Eq (16) using the Δ r v determined by Hasselbach et al. [15] . doi:10.1371/journal.pone.0164509.g003
The free calcium ion concentration ½Ca 2þ free was estimated using the software "WinMAXC v 2.5" by Chris Patton [18] . This program determines the free metal concentration in the presence of chelators by iteratively solving the system of equilibrium reactions within a solution, using binding constants from literature and the absolute concentration of the solution components. In the simulations the pH conditions were adjusted to the estimated pH at the hydrostatic pressure in the sample. The equilibrium constants were taken from the NIST database [19] . The equilibrium reaction of the binding of calcium to the calcium buffer EGTA has a molar reaction volume of Δ r v of 20.4 ml mol -1 [15] so that the reaction equilibrium is expected to be shifted towards releasing more free calcium ions under high hydrostatic pressure (i.e. decreasing EGTA binding affinity to Ca
). The logarithmic equilibrium constant for the binding of Ca 2+ to EGTA, log K EGTA , is defined according to Eq (15) . Its sensitivity to a change in pressure dlogK EGTA dp can be determined as −3.6 Á 10 −3 MPa -1 according to Eq (16) . Using this equation, the equilibrium constant for calcium binding that was taken from in the NIST database (log K EGTA = 10.973), was adjusted to the hydrostatic pressure of the sample. The pressure adjusted values are shown in Fig 3. The effects of pressure on the calcium-and pH buffer system (see Fig 4) and their consequences for the free calcium ion concentration are illustrated in Fig 5, and the estimated free calcium ion concentrations for each pressure are shown in Table 2 .
Results
Fluorescence intensity profiles at pressure
We observed no pressure dependence of the wavelength of the Fluo-4 intensity peak (Fig 2) . We therefore, focused on analyzing the peak fluorescence intensity changes with pressure. Plotting the peak Fluo-4 intensity as a function of pressure, we did observe a pressure dependent change. Specifically, we found that the relative fluorescence intensity of Fluo-4 changes at a rate " 0 of -0.308 ±0.017% per MPa of hydrostatic pressure (Fig 6A) . This signal change is dependent on the total calcium concentration in the sample solution and thus, the free calcium concentration in the sample solution. The average " 0 for ½Ca we observed that the pressure-induced signal quenching for Fura Red occurs differently in different ranges of total calcium concentration ( " 0 is significantly different P < 0.05). At total calcium concentrations below 20.3 mM, the signal is reduced at a rate of 0.14% MPa -1 . However, at total calcium concentrations of 23.2 mM or higher, we observed no significant reduction in peak intensity with pressure. An ANOVA test showed no significant slope of the signal intensity with pressure (P > 0.2). The pressure induced signal quench of Fura Red at total calcium concentrations above 23.2 mM is therefore, considered to be negligible. 
Discussion
Advances in optical and mechanical engineering in the past two decades have made it possible to construct high pressure vessels suitable for imaging living cells using commercial microscopes [12, [20] [21] [22] . In particular, advances in sealing technologies and optical window glasses mean that imaging at pressures exceeding 100 MPa ranges has become possible for living cells [12] . Fluorescent dyes are invaluable for extracting biological information from such studies e.g. to investigate Ca -chelators present), and changes in the calcium binding affinity of the fluorescent dyes 'per se' . The measured mean relative fluorescence change " 0 measured can be described as a sum of the fluorescence changes that are caused by each of these factors (Eq (17)). The rate of change in relative fluorescence as a function of pH
DpH has been determined to be rather constant by Rohrbach et al. in the range of pH 7 ±0.2 for both dyes [24] . The change for Fluo-4 seemed to be quite prominent with a change in I rel of −110% per pH unit, whereas Fura Red displayed much weaker pH dependence with a I rel change of 13% per pH unit [24] . By using the approximate change in pH at a given hydrostatic pressure that is determined by Eq (14), the change in relative intensity as a function of pressure that is solely caused by the change in pH, " 0 pH , can be determined from literature data to be −0.093% MPa -1 for Fluo-4 and 0.011% MPa -1 for Fura Red.
To estimate the contribution to the change in fluorescence intensity that is caused by the pressure dependent change in the free calcium ion concentration in an EGTA-buffered solution, Eqs (2)-(4) are combined to yield Eq (19 
Finally, we turn to the contribution to mean signal change that should arise from the pressure effect on the dye dissociation constant " 0 K d . This amounts to −0.332% MPa -1 for Fluo-4 and −0.088% MPa -1 for Fura Red, according to Eq (17) . These results show, that the pressure sensitivity of the dissociation constant is the predominant effect influencing the fluorescence intensity change of both dyes over the other two discussed effects. In our current experiments, the average dissociation constant for Fluo-4 at 0.1 MPa, 1.76 μM was found to be much larger than the value of 345 nM provided by the manufacturer (Thermo Fisher). Our measured value is closer to typical dissociation constants that are observed in situ in living cells [25] . One explanation for this discrepancy in our cell-free assay could be the fact that we use AM ester forms of the calcium sensitive dyes and subsequently use pig liver esterase for de-esterification in vitro. The esterase enzyme or impurities within the lysate probably exhibit an additional calcium binding property that shifts the actual free calcium ion concentration towards lower values. A similar effect has been observed by Kurebayashi et al. [13] for the enzyme Aldolase in combination with Fura Red. It seems reasonable to suppose that this shift of the free calcium ion concentration is a constant base-line shift, as it is unlikely that either the enzyme itself or any impurities present exhibit significant calcium buffering properties. Thus, this contribution may be considered to be negligible at high hydrostatic pressures. Therefore, the impurities would not affect the change in K d as a function of pressure in our experiments even though they do affect the absolute K d values.
The standard deviation of the emission peak wavelength for Fluo-4 was ±3.9 nm over all our measurements. Therefore, the peak wavelength seems to be fairly independent of calcium concentration as well as independent of hydrostatic pressure. This implies that one does not need a spectrometer to optically assess calcium levels by Fluo-4 fluorescence, since the spectrum is not shifted by pressure. As a consequence, Fluo-4 can be reliably used in high pressure microscopy using standard epifluorescence or confocal microscopy settings where fluorescence is collected with optical filters in wavelength bands. Such techniques, have for example, previously been used by us in living muscle cells [23] . Note that in this study, quantitative correction for pressure-induced effects on pH and Ca 2+ -buffers (EGTA) was not performed. The approach presented here will make this feasible in subsequent studies.
The ratiometric dye Fura Red exhibits a calcium dependent shift in its peak excitation wavelength as well as a smaller calcium dependent shift in its peak emission wavelength. As only one excitation wavelength was available in the experimental setup, it was initially planned to use the calcium dependent shift in emission wavelength for analysis which was expected to be about 25 nm. The acquired experimental data shown in Fig 10A, however, made it clear that the emission wavelength shift does not follow the expected sigmoidal function but rather exhibits a complex correlation towards free calcium concentration that renders the desired evaluation impractical. An analysis of the emission wavelength of Fura Red at different applied pressures (Fig 10B) reveals that a shift is probably existent, but with a magnitude of 0.04 nm MPa -1 hardly detectable or relevant compared to a mean emission peak width of around 150 nm. Therefore, the wavelength information in the Fura Red emission spectra was discarded and the dye was evaluated as a non-ratiometric dye with the normalized fluorescence intensity as desired parameter. While this evaluation method provides a rather high variance in data points (see Fig 7B) , it still yields values for the dye K d at 0.1 MPa that are comparable with those of Kurebayashi et al. [13] . For future high pressure analyses, in particular involving cellular systems, our present in vitro approach builds a basis which allows exact correction for pressure-induced changes that may strongly affect fluorescence intensities. Uncorrected fluorescence readings may lead to misinterpretation of the effects of pressure on Ca 2+ -homeostasis, or other signaling processes in living cells. Furthermore, it is highly recommended to apply a baro-resistent pH buffer mix, as described by Quinlan et al. [26] , to minimize pH effects inside the observed sample. However, as the suggested buffer substances are not among Good's buffers [27] , they may prove to be problematic for live-cell applications. To obtain reliable calcium measurements in situ, our results suggest that the use of Fura Red would be a solid choice: either (i) exploit its ratiometric nature and use different excitation wavelengths, as the pressure induced shifts in emission wavelengths appear negligible, or (ii) use it as a non-ratiometric dye and excite only one of its main excitation wavelengths, as the resilience of the dye against pressure induced effects, in terms of fluorescence emission intensity, seems to be high. If Fluo-4 is to be used for in situ calcium determination under high pressure, the data in Fig 6A may be useful as a calibration curve to discern between observed effects that are caused by the pressure sensitivity of the dye and those caused by the pressure sensitivity of the sample. 
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